Schrauwen JT, Schwarz JC, Wentzel JJ, van der Steen AF, Siebes M, Gijsen FJ. The impact of scaled boundary conditions on wall shear stress computations in atherosclerotic human coronary bifurcations. Am J Physiol Heart Circ Physiol 310: H1304 -H1312, 2016. First published March 4, 2016 doi:10.1152/ajpheart.00896.2015.-The aim of this study was to determine if reliable patient-specific wall shear stress (WSS) can be computed when diameter-based scaling laws are used to impose the boundary conditions for computational fluid dynamics. This study focused on mildly diseased human coronary bifurcations since they are predilection sites for atherosclerosis. Eight patients scheduled for percutaneous coronary intervention were imaged with angiography. The velocity proximal and distal of a bifurcation was acquired with intravascular Doppler measurements. These measurements were used for inflow and outflow boundary conditions for the first set of WSS computations. For the second set of computations, absolute inflow and outflow ratios were derived from geometry-based scaling laws based on angiography data. Normalized WSS maps per segment were obtained by dividing the absolute WSS by the mean WSS value. Absolute and normalized WSS maps from the measuredapproach and the scaled-approach were compared. A reasonable agreement was found between the measured and scaled inflows, with a median difference of 0.08 ml/s [Ϫ0.01; 0.20]. The measured and the scaled outflow ratios showed a good agreement: 1.5 percentage points [Ϫ19.0; 4.5]. Absolute WSS maps were sensitive to the inflow and outflow variations, and relatively large differences between the two approaches were observed. For normalized WSS maps, the results for the two approaches were equivalent. This study showed that normalized WSS can be obtained from angiography data alone by applying diameter-based scaling laws to define the boundary conditions. Caution should be taken when absolute WSS is assessed from computations using scaled boundary conditions. coronary bifurcation; CFD; boundary conditions; scaling laws; shear stress PLAQUE DEVELOPMENT IN CORONARY arteries is the underlying cause of stable angina and acute myocardial events (8). Predilection sites for plaque development are regions near bifurcations, which are exposed to low time-averaged wall shear stress (WSS) (32, 51). When a plaque grows and subsequently protrudes into the lumen, it will be exposed to different WSS patterns (41). At the location of the narrowing and proximal to that narrowing, the plaque is subjected to relatively high WSS. Evidence suggests that prolonged high WSS initiates processes that promote plaque destabilization (10, 12, 14, 36) . To study these processes in large patient groups, a tool that can compute WSS in a clinical setting would be valuable.
PLAQUE DEVELOPMENT IN CORONARY arteries is the underlying cause of stable angina and acute myocardial events (8) . Predilection sites for plaque development are regions near bifurcations, which are exposed to low time-averaged wall shear stress (WSS) (32, 51) . When a plaque grows and subsequently protrudes into the lumen, it will be exposed to different WSS patterns (41) . At the location of the narrowing and proximal to that narrowing, the plaque is subjected to relatively high WSS. Evidence suggests that prolonged high WSS initiates processes that promote plaque destabilization (10, 12, 14, 36) . To study these processes in large patient groups, a tool that can compute WSS in a clinical setting would be valuable.
WSS can be obtained by performing flow simulations with computational fluid dynamics (CFD). The first requirement to perform CFD in coronary arteries is to obtain an accurate representation of the lumen geometry. During coronary interventions, angiography is the preferred imaging technique and thus routinely available. Recent advancements in the field of image reconstruction led to online techniques for the reconstruction of lumen geometry (15, 47) . Angiography-based reconstruction techniques are therefore an attractive possibility to generate three-dimensional (3D) lumen surfaces for WSS computations (16) .
The second requirement for CFD in coronary bifurcations is imposing appropriate boundary conditions at the inlet and outlets. Boundary conditions can be determined based on flow measurements. In previous studies the inflow boundary conditions were set using quantitative velocity measurements that were performed with catheter-based Doppler technique (14, 36, 46) .
While Doppler velocity measurements provide absolute velocity data, they do require insertion of an additional catheter. It is also possible to use image-based modeling techniques to estimate flow boundary conditions. Diameterbased scaling laws directly relate flow to the diameter at specific locations. The scaling laws were first formulated by Murray (30) who postulated that blood flow is proportional to the diameter to the power 3 based on the assumption of energy efficiency. Later studies found that the value of the power for the coronary vasculature ranged between 2 and 3 for the coronary system (1, 17, 20, 21, 26, 27) . In the study by van der Giessen et al. (11) , empirical relations were found specifically for mildly diseased coronary bifurcations. These models are relatively simple and could prove to be effective alternative for invasive measurements in setting boundary conditions.
Whether these scaling laws are accurate enough to serve as boundary conditions, even in healthy arteries, is largely unknown. Application of these scaling laws in diseased vessels is further compromised by the fact that changes in the resistance of the distal vascular bed due to atherosclerosis are not accounted for. Nonetheless, these models are frequently used as to determine boundary conditions in diseased coronary arteries (2, 19, 35, 43, 53) . Therefore, this study investigates whether diameter-based scaling laws can be applied to impose boundary conditions to accurately compute patient-specific WSS maps. We performed CFD simulations in mildly diseased human coronary bifurcations following two different methodologies: one with boundary conditions based on invasive velocity measurements and the other with boundary conditions derived from geometry-based scaling laws. This allowed for a direct comparison of the WSS resulting from the two approaches, and we determined whether angiography data alone is sufficient to obtain WSS data in mildly diseased human coronary bifurcations.
METHODS
Patient selection. The patient population used in this study was previously described in Nolte et al. (33) . Briefly, patients with stable angina pectoris scheduled for percutaneous coronary intervention were included. From this population, patients were retrospectively selected when three requirements were met: first, adequate image quality of the angiographic data and the angular projections needed to generate a 3D reconstruction of a coronary bifurcation. Second, two locations of velocity measurement had to be proximal and distal of that bifurcation, without any side branches visible other than the bifurcation (Fig. 1) . Third, the velocity measurements were performed in an angiographically healthy segment. Ultimately, eight eligible cases were selected.
Geometry reconstruction. Angiography images were recorded with a Philips Integris H system (Philips Healthcare, Best, The Netherlands). Two projections were selected that optimally visualized the region of interest with minimal foreshortening and at least 30°b etween the imaging angles. On the basis of those angiographic images 3D volumes of the coronary bifurcations were constructed using commercially available software (CAAS v3.11; Pie Medical Imaging, Maastricht, The Netherlands).
Velocity measurements. The velocity in the coronary arteries was measured by a catheter-based Doppler technique (Combowire XT, model 9500; Volcano, San Diego, CA). The wire was advanced into the coronary artery where it was manipulated to obtain optimal signals. Phasic recordings of maximal cross-sectional velocity were obtained at stable positions proximal and distal to a bifurcation. From these recordings, multiple consecutive heartbeats during rest with a stable signal were selected (Fig. 1D) ; on average a period of 23 Ϯ 14 heartbeats was used. From that period, the time-averaged velocity was calculated. Velocity data were combined with diameter measurements to obtain the flow rate. The local diameter was measured with conventional two-dimensional (2D) QCA at the location of the Doppler-wire tip in the same two projections as used for the 3D reconstruction. From the mean diameter of the two projections the crosssectional area was determined, and by assuming a parabolic velocity distribution the flow was computed. This methodology was followed to determine the flow in the mother branch ( q in) and in one daughter branch ( qout1). The flow through the second daughter branch ( qout2) was not measured but followed from conservation of mass.
Scaling laws. The flow through the inlet and daughter branches can be estimated with scaling laws. Van der Giessen et al. (11) derived two diameter-based scaling laws from a patient population with mild coronary artery disease. With the first scaling law the inflow was estimated and the second scaling law was used to estimate the outflow ratio. The first scaling law is defined as:
resulting in a flow (q) for the inlet. The diameter (d) and the velocity was measured at the same location in the mother branch. The second scaling law for the outflow ratio was defined as:
The diameter dout1 was measured in the largest daughter branch and dout2 in the other daughter branch. The diameter of the daughter branch with the Doppler wire was determined at the location where the velocity was measured. In the other daughter branch the diameter was measured at an angiographically healthy section distal to the bifurcation near the ostium.
Computational fluid dynamics. Before the mesh generation, flow extensions were added to the 3D volumes (VMTK; Orbix, Bergamo, Italy). To ensure a smooth inlet profile for the CFD computations the inlet was extended with five times the radius. An outlet extension of five times the radius was added to exclude upstream effects due to the imposed boundary conditions (38) . Meshes were built with commercially available software (ICEM v14.5; Ansys, Canonsburg, PA). A typical cell size of 0.1 mm was used and five prism layers at the wall were constructed. This resulted in a typical mesh size of 2 ϫ 10 6 cells. Blood was modeled as a non-Newtonian fluid by applying a Carreau model with the parameters taken from Cho and Kensey (4). The density was set to 1,060 kg/m 3 . The wall was modeled as rigid and a no-slip condition was imposed at the wall. A Poiseuille profile was prescribed at the inlet based on either the measured or the scaled flow rate (Eq. 1, Fig. 2 ). At the outlets of the two daughter branches either the measured or the scaled outflow ratio (Eq. 2) was defined. Since the association of WSS with enhanced plaque vulnerability is based on time-averaged data we focused on steady flow simulations (9, 18, 31, 44) . A finite volume solver was used to perform steady-state simulations using standard numerical techniques (Fluent v14.5; Ansys).
We performed two CFD simulations in 3D lumen reconstructions of all eight geometries. First, intravascular velocity measurements were imposed as boundary conditions at both the inlet and outlets. Subsequently, the boundary conditions for the same cases were assigned using diameter-based scaling laws based on geometry (Fig. 2) .
Data analysis. The WSS magnitude was extracted from the CFD results and mapped to a 2D coordinate system for further analysis. First the centerline was traced (VMTK; Orobix, Bergamo, Italy). Next, cross sections were defined at 0.45-mm intervals perpendicular to the centerline. The cross sections were partitioned in sectors of 22.5°, resulting in 16 bins between 2 sequential cross sections (38) . The mean WSS of each bin was used to construct the 2D map. The 2D maps of the mother and daughter branches were analyzed separately.
The mean WSS in the axial and circumferential direction was calculated per branch. Next, a point-to-point comparison was performed with the data from the 2D WSS maps of the two approaches. A correlation plot was generated, with a linear fit going through the origin. By forcing the fit through zero, the correlation was characterized by a single quantity, coefficient k, the slope of the fit. A k value equal to 1 indicates that the WSS results of both methodologies were similar. Complementary to that, the value of |1-k| is used as a measure for the difference between the methods.
Normalized WSS was also investigated in addition to the absolute WSS. For the normalization procedure each 2D WSS map was normalized by its 50th percentile value.
Statistics. Summarized data are presented as the median and the 25th and 75th percentiles. A Spearman correlation test was used as a measure of agreement between the WSS resulting from the two methods. The outflow ratio over the outlet of the bifurcation is given in percentage of the total flow. The difference in outflow through a branch due to the different methods is therefore expressed in percentage points.
A noninferiority test was employed to find statistical evidence whether the two models provide outcome that can be regarded as equivalent (49) . In this test the null-hypothesis states that the absolute WSS difference between the two models is larger than a chosen margin, which was rejected at a significance level of ␣ ϭ 0.05. In a previous report by Schrauwen et al. (39) the margin to test for differences was set to 0.25 Pa. This value was based on the resolution limitation of angiography and its effect on the precision of the computed absolute WSS. The margin for normalized WSS was set using the previously reported 1.3-Pa baseline value for WSS in coronary arteries (52) . By taking the ratio of 0.25 and 1.3 Pa, a margin of 0.2 was established for normalized WSS. Figure 3A shows the measured diameter-flow relation for the mother branch and the daughter branch. The black line is the diameter-flow relationship derived by van der Giessen et al. (11) . A similar behavior was found with a median inflow Fig. 2 . Cartoon illustrating the study setup. The inflow and outflow boundary conditions for wall shear stress (WSS) computations in mildly diseased coronary plaques were set by 2 different approaches. First, the measured boundary conditions were used, for which the flow is measured in the mother branch and in 1 daughter branch. The overbars indicate that a time-averaged value was used. Second, the scaled-approach was used, which sets the inflow and outflow conditions using diameter-based scaling laws. difference of 0.08 ml/s [Ϫ0.01; 0.20], although the measured flow in the mother branch tended to be higher than the scaled value. In the daughter branch, the difference between the measured and scaled flow was Ϫ0.01 ml/s [Ϫ0.04; 0.07]. The measured flow ratio is plotted as a function of the diameter ratio of the daughter branches in Fig. 3B , with the black line representing the relationship found by van der Giessen et al. In six out of the eight cases, a good agreement was found: The median of the difference for all cases was 1.5 percentage points [Ϫ19.0; 4.5]. In two cases the measured flow ratio was above 1. Since d out1 was defined to be large than d out2 , this indicates that in these two cases more flow was going through the smaller daughter branch. Figure 4 illustrates the WSS results for one case (arrow in Fig. 3 ). In this case the measured and scaled inflow differed, with a measured flow of 0.55 ml/s and a scaled flow of 0.43 ml/s. The outflow ratios for both approaches agreed nicely: 29%/71% with the measured approach and 23%/77% with the scaled approach. In Fig. 4A the WSS computed with the measured-approach is plotted in 3D. Just distal of the inlet, the mother branch shows a lumen-intruding plaque, causing a region of high WSS. Halfway down the mother branch, a local widening of the lumen induces low WSS, immediately followed by a high WSS spot. As expected, higher WSS was found at the flow divider of the main daughter branch. The curvature of the segment is not very strong, leading to only minor asymmetries in WSS distributions. The 2D representations of the WSS computed with both approaches are plotted in Fig. 4B . In these maps the focal high WSS are clearly distinguishable. In both the mother and the daughter branch, the WSS from the scaled approach is lower than the WSS from the measured approach, due to the lower inflow but similar outflow ratio. The averaged WSS in Fig. 4 , C-E, confirmed these observations, with more pronounced differences high WSS regions. The triangles indicate equal WSS values for both models based on the noninferiority test. Most sections show that the WSS was not equivalent.
RESULTS
In Fig. 4 , F-I, the results of the same cases are given after normalization to the 50th percentile of each branch. The 2D maps in Fig. 4F show that the results were in good agreement. Also the circumferential and axial averaged normalized WSS values showed an excellent agreement between the results for the different boundary conditions. This was confirmed by the results of the noninferiority test. Table 1 gives the percentage of area per branch where the WSS from both models was equal. The absolute WSS showed little agreement in nearly all the cases. In case 4 the boundary conditions of the models matched exceptionally well, resulting in a high agreement. The normalized WSS shows that in all the cases a high agreement was found between the models.
The WSS data from the 2D maps of case 2 from Table 2 are plotted in Fig. 5A . The linear fit through the WSS data in the mother branch resulted in a coefficient k ϭ 0.67 for the slope, which indicates that the scaled approach underestimated the absolute WSS. In the daughter branch this was k ϭ 1.12, demonstrating general overestimation of the WSS. The result after normalization in the mother branch is plotted in Fig. 5B . A high agreement between the results was seen, as indicated by k ϭ 0.95. Similarly, a high agreement (k ϭ 0.94) was found in the daughter branch (Fig. 5C) . The median values of the coefficients (and [1st; 3rd quartile]) of the fits for all cases are given in Table 2 . The much smaller interquartile range of k for the normalized WSS in the daughter vessel indicated that the agreement between the two approaches improved. Moreover, the median of the absolute difference of |1-k| decreased from 0. 35 With the Pearson correlation a high agreement was found for the mother and daughter branch in Fig. 4 : r 2 ϭ 0.88 and r 2 ϭ 0.92, respectively. In the other seven cases, the r 2 ranged between 0.90 and 1.00. These values did not change after normalization.
DISCUSSION
We studied the WSS distribution in mildly diseased human coronary bifurcations using CFD. We applied boundary conditions for both the inlet and outlet derived from catheter-based invasive measurements. Additionally, the inflow and outflow boundary conditions were determined by combining diameterbased scaling laws with diameter measurements from angio- graphic images. Although in general a reasonable agreement was found for the inflow and a good agreement for the outflow ratio, the differences between the two approaches were considerable in some cases. These differences in the boundary conditions in turn led to differences in the computed absolute WSS values. However, after normalization to the 50th percentile an excellent agreement was found between the normalized WSS maps from the two approaches. The percentages are reported for both absolute and normalized wall shear stress (WSS). IQR, interquartile range.
The diameter-flow relationship used in this study was derived by van der Giessen et al. For their derivation they used the measurements reported by Doriot et al. (5) . In the study by Doriot et al., the velocity of the blood was measured in the mother and the two daughter branches of angiographically normal coronary bifurcations of patients suffering from coronary artery disease. These measurements showed a consistent behavior and a simple diameter-based scaling law could describe the diameter-flow relation (11) . We previously derived the outflow ratio of mildly diseased coronary bifurcations from computed tomography perfusion measurements and found a high agreement between the measured and the scaled outflow ratio (38) . The results in that study showed a homogenous perfusion of the myocardium associated with the daughter branches of the bifurcations. In this study, the scaling laws generally worked well for the outflow ratio, but in some cases it led to relatively large discrepancies in the flow estimation. The deviations between the measured and scaled flow were most likely caused by differences in the resistance of the distal vascular bed. However, we could not identify these cases based on the angiography data, for instance, by using the area stenosis. As long as these cases cannot be identified with angiography, caution should be taken when employing diameter-based scaling laws to estimate boundary conditions, especially for the inflow in more diseased cases.
Many studies tried to correlate absolute WSS to a marker of atherosclerosis (36, 44, 51) . To compute WSS in geometries with multiple outlets, several studies rely on a form of scaling for setting the boundary conditions (13, 19, 23, 24, 42, 50) . van der Giessen et al. (11) investigated how different outflow boundary conditions affect computed WSS values but could not incorporate patient-specific measurements to compare their results . Alternatively, Molony et al. (28) studied the effect of imposing patient-specific or scaled inflow boundary conditions on computed WSS. In a previous study, we investigated the effect of scaled outflow conditions on WSS computations at hyperemic conditions (38) . In our current study patient-specific measurements were available for both the inlet and outlet boundary conditions. The studies by van der Giessen et al. (11) and Molony et al. (28) showed that the difference between measured and scaled boundary conditions can give rise to large difference in absolute WSS. In our study this was particularly striking at focal spots of high WSS, but areas exposed to decreased WSS can be misinterpreted as well. This could frustrate the search for a correlation between absolute WSS and an atherosclerotic marker (34) . On these grounds geometric scaling does not seem to be appropriate to accurately determine absolute WSS values in mildly diseased coronary bifurcations. The point-by-point comparison confirms these findings: a considerable difference between the two approaches was shown, and although axial and circumferential averaging led to smaller differences, the noninferiority test demonstrated that they were not negligible.
The normalized WSS on the other hand was unaffected by the difference between the measured and scaled boundary conditions. It has been hypothesized that, instead of absolute WSS levels, the endothelium is sensitive to deviations from normal WSS values at baseline flow (3). These deviations from the baseline WSS values might thus be a potential marker for the onset and progression of atherosclerosis and could be detected with normalized WSS maps. For instance, in a study by Gijsen et al. (14) normalized WSS levels were correlated to strain levels within plaques. The highest strains were found in regions exposed to high normalized WSS, which suggests that high WSS might be associated with plaque destabilization. The study by Eshtehardi et al. (7) found a relation between the lowest 25% of WSS and plaque phenotype development. Further studies are warranted to explore the effect of normalized WSS on markers of atherosclerosis in larger patient groups.
Our study showed that normalized WSS proved to be a robust measure, even in cases where the difference in outflow ratio was relatively large. This was also found by Marzo et al. (25) for cerebral aneurysms, but only qualitative results for normalized WSS were reported. This implies that, despite the nonlinear nature of flow phenomena, the flow in these cases was within a range that normalization still yielded similar results. This means that it would be possible to compute normalized WSS distributions from angiography data alone without the need for intravascular velocity measurements.
The hemodynamic significance of a coronary stenosis can be determined with fractional flow reserve (FFR), which is derived at hyperemic conditions. Several studies focused on computing FFR to replace invasive measurements (29, 45) . In a previous report we investigated the influence of scaled outflow conditions on the pressure drop and FFR during hyperemia. That study showed that the FFR was not influenced by the variation in outflow ratio. However, the absolute inflow is expected to have a greater effect on the overall pressure drop than the outflow ratio. Therefore the variations in inflow conditions could influence the computed FFR. In this study, baseline conditions were evaluated only, and it would be interesting to investigate in a subsequent study how scaled inflow affects FFR.
Limitations. For this study only a small number of patients were selected. Future studies with a larger patient population should confirm that diameter-based scaling laws in combination with angiography images are sufficient to determine normalized WSS distribution. It would be particularly interesting to include patients at a later stage of the disease that suffer from lumen intruding plaques.
The intravascular Doppler measurements could not individually be verified and it is possible that the outcome differs at various time points. However, the intracoronary Doppler measurements were obtained by an experienced operator using state-of-the art technology during stable heart rate. A large body of evidence attests to the reliability and accuracy of this method, which has been extensively validated (6, 40) .
For the geometry reconstruction elliptical cross sections derived from two angiography images were used. Although this resulted in representative geometries, improvements can be made to acquire a more precise lumen representation, for instance by using rotational angiography. The goal of this study was to compare the influence of different boundary conditions. Since the same geometry was used to compute WSS with two different sets of boundary conditions, the use of angiography-based reconstructions should not affect the findings of this study.
The locations where the diameters were measured were selected by a trained reader. Nonetheless, Valen-Sendstad et al. (48) showed that this choice can influence the computed absolute WSS. Based on angiography alone it remains difficult to select a healthy and representative section that can be used for the geometric scaling laws. However, this study demonstrates that normalized WSS will probably be more robust to the small deviations in diameters.
Finally, other parameters besides WSS are associated with atherosclerosis, such as the oscillatory shear index or the relative residence time, which depend on transient flow computations (22) . Although the diameter-based outflow models proved effective in this study, more advanced outflow models are likely better suited for transient computations.
Conclusion. In conclusion, normalized WSS was shown to be unaffected by the variation in boundary conditions obtained either from invasive flow measurements or by applying diameter-based scaling laws. Caution should be taken when absolute WSS values are assessed from computations based on scaled boundary conditions.
